


























































































































ADCP	 	 	 Acoustic	Doppler	Current	Profiler	
AS	 	 	 Adriatic	Sea	
AW	 	 	 Atlantic	Water	
CRM	 	Certified	Reference	Material	
CSW	 Cretan	Surface	Water	
CTD	 	 	 Conductivity,	Temperature	and	Depth	
dbar	 	 	 dezibar	
DIC	 	 	 Dissolved	Inorganic	Carbon	
DO	 	 	 Dissolved	Oxygen	
DShip	 	 	 Davis-Ship	
EMDW	 	 Eastern	Mediterranean	Deep	Water	
EMS	 	 	 Eastern	Mediterranean	Sea	
EMT	 	 	 Eastern	Mediterranean	Transit	
e.m.f.	 	electromotive	force	
fCO2	 	 	 fugacity	of	carbon	dioxide	
i.e.	 	 	 id	est	
kn	 	knots	
LDW	 	 	 Levantine	Deep	Water	
LIW	 	 	 Levantine	Intermediate	Water	
LSW	 	 	 Levantine	Surface	Water	
MSM	 	Maria	S.	Merian	
Med	 	 	 Mediterranean	Sea		
MLD	 	Mixed	Layer	Depth	
nm	 	 	 nautical	miles	
NDIR	 	Non-Disperse	Infrared	
pCO2	 	 	 partial	pressure	of	carbon	dioxide	
ppm	 	part	per	million	







TA	 	 	 Total	Alkalinity	
TDW	 	 	 Tyrrhenian	Deep	Water	
TS	 	 	 Tyrrhenian	Sea	
UTC	 	Coordinated	Universal	Time	




WMS	 	 	 Western	Mediterranean	Sea	
WMT	 	 	 Western	Mediterranean	Transit	




























the	 Mediterranean	 Sea	 (Med).	 pCO2	 data	 were	 recorded	 by	 continuous	 monitoring	
(underway	 measurements)	 during	 the	 cruise	 MSM	 72	 along	 an	 Ionian	 section	 (from	




the	 atmosphere,	 which	 according	 to	 previous	 data	 was	 expected	 for	 the	 time	 of	 the	
measurements	 (March).	 pCO2	 levels	 stayed	 relatively	 constant	 in	 the	 open	 sea	 with	
levels	 in	 the	 Eastern	 Mediterranean	 basin	 slightly	 higher	 than	 those	 in	 the	 Western	
Mediterranean	 basin.	 The	most	 significant	 pCO2	 variations	 were	 observed	 within	 the	
different	straits	along	the	two	sections	(Otranto	Strait,	Strait	of	Sicily,	Strait	of	Sardinia	
and	 Strait	 of	 Gibraltar).	 This	 was	 particularly	 evident	 close	 to	 and	 in	 the	 Strait	 of	





















In	 dieser	 Masterarbeit	 wurden	 Variationen	 im	 Partialdruck	 von	 CO2	 (pCO2)	 in	
unterschiedlichen	Regionen	des	Mittelmeers	analysiert.	Die	pCO2	Daten	wurden	auf	der	
Schiffsreise	MSM	72	durch	kontinuierliche	Messungen	des	Oberflächenwassers	erhalten,	
zum	einen	entlang	eines	Abschnitts	durch	die	 Ionische	See	 (von	Kreta	bis	 zur	Otranto	
Straße)	und	zum	anderen	entlang	eines	zonalen	Schnittes	(von	Kreta	bis	zur	Straße	von	
Gibraltar).	 Temperaturabhängige	 Einflüsse	 sowie	 mögliche	 Auswirkungen	 von	
Salzgehalt	und	Meeresströmungen	auf	den	pCO2	Gehalt	wurden	ebenfalls	ermittelt	und	
in	der	Analyse	berücksichtigt.		
Die	 Ergebnisse	 zeigten	 eine	 generelle	 Untersättigung	 des	 Mittelmeerwassers	 im	
Vergleich	 zum	 pCO2	 Gehalt	 der	 Atmosphäre,	 was	 für	 den	 Zeitraum,	 in	 dem	 die	
Messungen	durchgeführt	wurden	(März),	laut	Literaturdaten	zu	erwarten	war.	Generell	
wurden	 in	 der	 offenen	 See	 relativ	 konstante	 pCO2	 Werte	 gemessen,	 wobei	 der	 CO2	
Gehalt	 im	 östlichen	Mittelmeer	 leicht	 über	 dem	 im	westlichen	 lag.	 Signifikante	 lokale	
Veränderungen	 im	pCO2	wurden	 in	den	Meerengen	wie	der	Otranto	Straße	sowie	den	
Straßen	 von	 Sizilien,	 Sardinien	 und	Gibraltar	 beobachtet.	 Vor	 allem	 in	 der	 Straße	 von	
Gibraltar	 stieg	der	pCO2	gegenüber	den	Werten	 im	westlichen	Mittelmeer	beträchtlich	
an	 und	 es	 zeigten	 sich	 große	 Variationen,	 die	 vermutlich	 auf	 aufsteigende	 CO2-reiche	









like	 transient	 tracers	 and	 nutrient	 concentrations	 (nitrite,	 nitrate,	 phosphate	 and	
silicate),	 salinity	 and	 temperature	 were	 measured	 during	 a	 cruise	 from	 Heraklion	 in	
Greece	 to	 Cadiz	 in	 Spain.	 The	 salinity,	 temperature	 and	 pCO2	 data	 were	 recorded	 on	
underway	 instruments	 during	 the	 entire	 cruise	 and	 the	 other	 parameters	 were	
measured	in	discrete	samples	taken	at	specific	station.	The	cruise	was	carried	out	with	
the	 research	 vessel	Maria	 S.	Merian	under	 the	 cruise	number	MSM	72	was	 lead	by	D.	
Hainbucher	(IfMHH,	Institut	für	Meereskunde	in	Hamburg)	and	included	scientists	from	
different	 countries	 (Germany,	 Spain,	 Italy,	 Greece	 and	 Lebanon).	 MSM	 72	 took	 place	
between	the	2nd	March	and	the	3rd	April,	2018,	and	covered	a	zonal	section	through	the	
Mediterranean	 Sea	 all	 the	 way	 from	 the	 east	 of	 Crete	 to	 the	 Strait	 of	 Gibraltar.	 In	
addition,	an	Ionian	section	from	the	west	of	Crete	along	the	Greek	coast	into	the	Strait	of	
Otranto	 was	 included	 (see	 figure	 1).	 During	 the	 zonal	 section	 discrete	 samples	 were	










The	red	dots	 show	 the	CTD	(Conductivity,	Temperature	and	Depth)	 stations.	Stations	marked	 in	yellow	
highlight	 positions	 where	 Argo	 floats	 were	 deployed	 into	 the	 sea.	 Black	 squares	 mark	 areas	 where	
Acoustic	Doppler	 Current	 Profiler	 (ADCP)	 and	 underway	Conductivity,	 Temperature	 and	Depth	 (uCTD)	
measurement	sequences	were	carried	out.[2]	
	
Due	 to	 political	 issues,	 underway	 measurements	 and	 discrete	 samples	 could	 not	 be	
obtained	 in	 the	 eastern	 part	 of	 the	 Eastern	 Mediterranean	 Sea,	 specifically	 in	 the	
Levantine	 basin.	 Along	 the	 zonal	 section,	 new	 measuring	 stations	 were	 set	 up	 every	
15	nm	 (nautical	 miles)	 and	 samples	 were	 collected.	 As	 some	 parameters	 such	 as	
transient	 tracers,	 Dissolved	 Oxygen	 (DO),	 pH	 and	 alkalinity	 required	 longer	 analysis	








It	 is	 a	 semi-enclosed	 Sea,	 which	 is	 connected	 to	 the	 Atlantic	 Ocean	 via	 the	 Strait	 of	
Gibraltar	and	to	the	Indian	Ocean	via	 the	Suez	Canal.	 Its	boundaries	are	Europe	to	the	
north	 with	 the	 countries	 Spain,	 France,	 Italy,	 Slovenia,	 Croatia,	 Albania,	 Greece	 and	
Turkey,	 Asia	 to	 the	 east	with	 Syria,	 Lebanon	 and	 Israel,	 and	 Africa	 to	 the	 south	with	
Egypt,	 Libya,	 Tunisia,	 Algeria	 and	 Morocco.	 It	 covers	 a	 surface	 of	 approximately	
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marine	 environments.	 This	 is	 due	 to	many	 physical	 processes	 occurring	 in	 the	water,	
including	 thermohaline	 circulations,	 gyres	 and	 the	 formation	 of	 deep-water.	 Different	






Open	 ocean	 water	 enters	 the	 Med	 mainly	 through	 the	 Strait	 of	 Gibraltar	 and	 travels	
eastward	 at	 the	 surface.	 This	 water	 mass	 is	 called	 Atlantic	 Water	 (AW)	 and	 is	
characterized	by	 low	salinity	and	 low	alkalinity.	The	AW	flows	along	 the	African	coast	
becoming	more	and	more	saline	and	dense	on	its	way	towards	the	Strait	of	Sicily;	 this	
change	is	caused	mainly	by	evaporation.	Before	the	Strait	of	Sicily	the	AW	separates;	one	
part	 travels	 further	 east	 into	 the	Eastern	Mediterranean	Sea	 (EMS)	 and	 the	Levantine	
basin	while	 the	other	part	enters	 the	Tyrrhenian	Sea.	 In	 the	north,	 this	second	branch	
moves	back	into	the	Balearic	Sea	through	the	Corsica	Channel	and	closes	its	circle	in	the	
Alboran	Sea	where	the	fresh	AW	arrives.	Following	the	Strait	of	Sicily	the	AW	that	had	
entered	 the	 EMS	 splits	 up	 again.	 The	 major	 part	 continues	 flowing	 east	 towards	 the	
Levantine	 basin	 till	 the	 shores	 of	 Lebanon	 and	 Israel,	 becoming	 more	 saline	 due	 to	
further	evaporation.	Another	smaller	part	of	the	AW	flows	north	into	the	Ionian	Sea	and	
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then	 further	 into	 the	Adriatic	 Sea.	 In	 the	EMS,	 the	 incoming	AW	 is	 found	at	 depths	of	
50	m	 to	 100	m.	 In	 the	 Levantine	 basin,	 a	 thin	water	 film	 called	 the	 Levantine	 Surface	
Water	 (LSW)	 is	 present	 on	 top	 of	 the	 AW,	 which	 is	 characterized	 by	 the	 highest	
temperature	and	salinity	of	the	entire	Med.[5,7,8]	
In	the	far	east	of	the	EMS,	in	the	Rhodes	Gyre,	the	AW	has	reached	its	maximum	density	
due	 to	 intense	 surface	water	 evaporation	 and	 thus	 sinks	 to	 lower	 depths	 forming	 the	
Levantine	 Intermediate	Water	 (LIW).	This	water	mass	 is	one	of	 the	major	 reasons	 for	
the	thermohaline	circulation	in	the	Mediterranean	Sea.	Although	most	of	the	water	sinks	
to	 lower	depths	 in	 the	 Levantine	basin,	 some	parts	 of	 the	AW	continue	 flowing	north	
through	the	Cretan	and	Aegean	Sea.		






Basin	 of	 the	 Med	 (WMS)	 mainly	 through	 the	 Strait	 of	 Sardinia	 but	 also	 through	 the	
Corsica	Channel	into	the	Gulf	of	Lyon.	The	main	part	of	the	LIW	then	flows	out	into	the	
Atlantic	 Ocean	 through	 the	 Strait	 of	 Gibraltar	 at	 depths	 below	 250	m.	 The	 two	water	
masses,	 AW	 and	 LIW,	 are	 the	 main	 components	 of	 the	 shallow	 circulation	 of	 the	
Med.[5,7,8]	
Deep	 water	 masses	 are	 also	 formed	 in	 each	 basin	 and	 drive	 the	 deep	 overturning	
circulations	 in	 the	 Med.	 The	 Eastern	 Mediterranean	 Deep	 Water	 (EMDW)	 is	 mainly	
formed	 in	 the	 Adriatic	 Sea	 (AS),	 specifically	 in	 the	 northern	 part	 of	 the	 AS	 due	 to	 a	
downwelling	of	surface	waters	driven	by	continental	shelves,	and	in	the	southern	part	of	
the	AS	due	to	open	ocean	convection.	The	two	deep	Adriatic	water	masses	mix	and	enter	
the	 Ionian	 Sea	 through	 the	 Otranto	 Strait.	 In	 the	 eastern	 part	 of	 the	 Levantine	 Basin	
where	 the	 LIW	 is	 formed,	 further	 sinking	 of	 the	water	 leads	 to	 the	 generation	 of	 the	




The	Western	Mediterranean	 Deep	Water	 (WMDW)	 is	 formed	 in	winter	 in	 the	 Gulf	 of	
Lyon.	Cold	air	and	high	winds	mix	the	AW	and	the	warmer	and	saltier	LIW,	which	leads	
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to	 a	 heat	 loss	 and	 further	 sinking	 and	 thus	 the	 formation	of	 the	WMDW.	The	WMDW	
mainly	 stays	 inside	 the	western	basin	but	a	 small	part	 also	enters	 the	Tyrrhenian	Sea	





the	 deep	water	 formation	 and	 thermohaline	 properties	 in	 the	 Eastern	Mediterranean	
Sea,	 leading	 to	 increased	and	more	 rapid	EMDW	 formation.	Unusually	 cold	 conditions	
occurred	 in	the	Cretan	and	Aegean	Sea	and	the	saltier	water	sank	to	 further	depths	at	
this	point.	These	 special	 conditions	 shifted	 the	main	 formation	of	 the	EMDW	abruptly	
into	the	Aegean	and	Cretan	Sea.	By	now	the	condition	have	returned	back	to	normal	and	
the	main	deep	water	 formation	again	occurs	 in	 the	northern	and	southern	part	of	 the	
Adriatic	Sea.[6]		
In	 the	mid-2000’s	(2004-2006),	a	similar	event	 took	place	 in	 the	western	basin,	called	
the	Western	Mediterranean	 Transit	 (WMT).	 Again	 an	 unusually	 high	 amount	 of	 deep	
water	was	 formed	due	to	extreme	winters.	This	resulted	 in	anomalously	warm	waters	











The	 gas	 is	 present	 in	 the	 earth’s	 atmosphere	where	 its	 concentration	 in	 preindustrial	























The	 rate	 at	 which	 each	 gas	 enters	 or	 leaves	 the	 ocean	 via	 air-sea	 gas	 exchange	 is	








	 	 	 	 	 𝐹 = 𝑘! ∗ ∆𝐶	 	 	 	 	 	 1	
	
The	 thermodynamic	 force	 (ΔC)	 results	 from	 the	 concentration	 gradient	 and	 can	 be	
described	 as	 the	 difference	 in	 concentration	 for	 the	 respective	 gas	 between	 sea	 and	
atmosphere	(see	equation	2).[14]	
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	 	 	 	 [𝐺𝑎𝑠!"#] = 𝐻! ∗ 𝑝𝐺𝑎𝑠!"# 	 	 	 	 	 4	
	
The	 solubility	 of	 each	 individual	 gas	 is	 affected	 by	 different	 factors,	 for	 example	 the	
molecular	weight	 of	 the	 gas	molecule,	 the	water	 temperature	 and	 the	 salinity.	Among	










The	 other	 parameter	 defining	 the	 flux,	 the	 gas	 transfer	 velocity	 (kG),	 determines	 how	
fast	 gases	 enter	 and	 leave	 the	 seawater.	 This	 factor	 can	 be	 calculated	 by	 a	 specific	
constant	 for	each	gas	 (DG)	divided	by	 the	 thickness	of	 the	boundary	 layer	 (δW)	air-sea	
gas	 exchange	 takes	 place.	 The	 thicker	 this	 layer	 is,	 the	 slower	 is	 the	 exchange	 (see	
equation	5).[14]	
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due	 to	 waves	 and	 winds.	 Thus,	 it	 is	 almost	 impossible	 to	 precisely	 calculate	 the	 gas	
transfer	 velocity	 and	 thereby	 the	 flux	 of	 each	 gas.	 Calculation	 methods	 have	 been	
developed,	which	 attempt	 to	 determine	 gas	 transfer	 velocities	 in	 non-ideal	 conditions	
taking	into	account	measured	wind	speeds	and	the	Schmidt	number	for	turbulent	mass	
transport	(calculated	by	dividing	the	kinematic	viscosity	of	seawater	by	the	diffusion	of	
the	 gas	 in	 seawater	 at	 specific	 temperature	 and	 salinity).	However,	 this	 only	 delivers	
satisfying	 results	 for	 wind	 speeds	 below	 15	m/s.[14,16]	 At	 higher	 wind	 speeds	 the	
calculated	 gas	 transfer	 velocity	 has	 high	 errors.	 Another	 problem	 for	 calculating	 the	
diffusion	 by	 taking	 wind	 speed	 into	 account	 relates	 to	 the	 place	 where	 this	 speed	 is	
measured.	Usually	measurements	occurs	on	top	of	the	research	vessels	at	approximately	
10	m	above	 sea	 level,	where	no	 friction	due	 to	 contact	with	 the	water	 surface	occurs.	











When	 gas	 molecules	 of	 CO2	 enter	 the	 seawater,	 approximately	 1	 in	 650	 to	 1000	
molecules	 reacts	 with	 the	 water	 to	 form	 carbonic	 acid	 as	 defined	 by	 the	 hydration	
equilibration	constant	(see	equation	7).	The	pH	of	the	water	then	determines	the	status	
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approximately	 90:10:1	 for	 HCO3-:CO32-:CO2*.	 pH,	 i.e.	 proton	 concentration,	 is	 the	most	
important	 factor	 affecting	 the	 equilibrium	 in	 equations	 8	 and	 9	 at	 a	 given	 CO2*	










The	 dissociation	 constants	 K1	 and	 K2	 as	 well	 as	 the	 equilibrium	 constant	 for	 the	
hydration	 of	 CO2	 (KH,	 equation	 7)	 also	 vary	 with	 salinity	 and	 pressure	 of	 the	
environment	although	the	effect	of	these	parameters	is	less	pronounced	as	compared	to	
that	 of	 temperature.	 Typically,	 the	 dissociation	 constants	 K1	 and	 K2	 increase	 with	
salinity	and	pressure.		
Four	different	measurable	parameters	are	relevant	for	the	marine	CO2-System.	First,	the	
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Total	 Alkalinity	 (TA)	 is	 the	 third	 measurable	 parameter,	 which	 describes	 the	 acid	
binding	 capacity	 of	 the	 examined	 water.	 It	 is	 defined	 as	 the	 “number	 of	 moles	 of	




𝑇𝐴 = 𝐻𝐶𝑂!! + 2 𝐶𝑂!!! + 𝐵(𝑂𝐻)!! + 𝑂𝐻! + 𝐻𝑃𝑂!!! + 2 𝑃𝑂!!! + 𝑆𝑖𝑂(𝑂𝐻)!! +
𝑁𝐻! + 𝐻𝑆! − 𝐻! − 𝐻𝑆𝑂!! − 𝐻𝐹 − 𝐻!𝑃𝑂! 	 	 	 	 	 12
	 	
The	 last	measurable	 parameter	 is	 the	 pH	 value,	 i.e.	 the	 negative	 decadal	 logarithm	 of	
protons	 present	 in	 the	 water	 (see	 equation	 13).	 It	 describes	 the	 acidity	 of	 the	
seawater.[17]	
	
	 	 	 	 	 𝑝𝐻 =  −log [𝐻!]	 	 	 	 	 13	
	
With	 two	 of	 these	 four	 parameters	 given,	 the	 others	 can	 be	 calculated	 (see	 chapter	
2.2.4).	 However,	 the	 calculation	 of	 DIC	 and	 TA	 from	 measured	 pCO2	 and	 pH	 values	
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Relatively	 high	 amounts	 of	 CO32-	 in	 the	 ocean	 are	 an	 important	 determinant	 of	 the	
buffering	 capacity	 of	 the	 oceans	 as	 they	 act	 by	 binding	 the	 proton	 generated	 in	 the	
dissociation	reaction	of	H2CO3	(see	equations	8&9).	However,	this	CO2	buffering	capacity	
of	 the	ocean	decreases	with	 increasing	CO2.	Higher	CO2	 concentrations	 shift	 the	pH	of	
the	 seawater	 to	 lower	 values	 and	 thus	 cause	 acidification.	 With	 decreasing	 buffer	
capacity	the	ocean	will	take	up	and	dissolve	less	CO2	from	the	atmosphere,	which	leads	








Dissolved	 inorganic	 carbon	 (DIC),	 was	 measured	 with	 a	 Single	 Operator	 Multi-





	 	 𝐶𝑂!!! 𝑎𝑞 + 𝐻! 𝑎𝑞 ⇋ 𝐻𝐶𝑂!! 𝑎𝑞  + 𝐻! 𝑎𝑞 ⇋ 𝐶𝑂!∗	 	 	 15	
	
The	 chamber	 is	 then	 purged	 with	 a	 CO2-free	 carrier	 gas,	 which	 absorbs	 the	 CO2	 gas	
molecules	 and	 is	 thereafter	 transferred	 into	 a	 solution	 of	 ethanolamine	 inside	 a	
coulometer.	Here,	the	hydroxyethylcarbamic	acid	formed	is	titrated	and	the	pH	change	
of	 the	 solution	 is	 measured	 via	 transmittance.	 The	 hydroxide	 ions	 generated	 at	 the	















In	 addition	 to	 the	proton	 acceptors	mentioned	 explicitly	 in	 the	 equation	other	proton	














potentiometric	 technique.	 Here,	 a	 known	 amount	 of	 seawater	 is	 placed	 into	 an	 open	
measuring	cell	and	is	titrated	twice.	First,	HCl	is	added	until	a	pH	of	approximately	3.5	–	
4	is	reached	and	thereafter,	the	titration	is	continued	until	pH	3.	The	solution	is	stirred	




During	 cruise	 MSM	 72,	 TA	 was	 determined	 using	 the	 double	 end	 point	 method.	 To	
control	 the	 accuracy	 of	 TA	 and	 DIC	measurements	 and	 calibrate	 the	measuring	 cells,	








air,	which	was	 equilibrated	with	 the	 respective	water	 phase.	 This	 can	 be	 done	 either	
with	an	equilibrator	system	inside	an	equilibrator	chamber	or	with	the	help	of	a	sensor	
and	a	membrane	equilibration	as	described	below.		
In	 the	 equilibrator	 system	 the	 respective	 water	 sample	 taken	 at	 a	 specific	 depth	 is	







	 	 	 	 	 𝑝𝐶𝑂! =  𝑥𝐶𝑂! ∗ 𝑝	 	 	 									 				 				17	
	
In	 the	 sensor-based	measurement	 the	water	 flows	past	 a	membrane	 containing	pores	
that	 allow	 the	 gas	 to	 slowly	 diffuses	 through	 the	 membrane	 pores	 into	 a	 headspace.	
Again	 the	 partial	 pressure	 of	 the	 equilibrated	 air	 in	 the	 headspace	 is	measured,	 after	
being	pumped	through	an	air	cycle	where	it	is	dried.	
On	 the	 cruise,	 the	 pCO2	 was	 recorded	 underway	 with	 a	 HydroC-CO2	 sensor	 of	 the	





























with	 a	 known	 pH.	 The	 pH	 standard	 was	 composed	 of	 a	 TRIS	 (Tris(hydroxymethyl)-
aminoethan)/HCl	buffer	and	a	2-aminopyridine/HCl	buffer	 in	synthetic	seawater.	Both	
samples,	 the	 respective	water	 sample	 and	 the	 calibration	 standard,	were	 tempered	 to	
25	°C	and	the	pH	was	therefore	generally	expressed	as	pHT25.[22]		
To	 calculate	 the	 insitu	 pH	 (pHinsitu),	 the	 change	 in	 temperature	 between	 the	 collected	
seawater	 and	 25	°C	 has	 to	 be	 taken	 into	 account.	 This	 was	 done	 by	 subtracting	 the	
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Finally,	 this	 pH	 difference	 (pHdiff)	 has	 to	 be	 subtracted	 from	 the	measured	 pHT25	 to	
obtain	the	final	pHinsitu	(see	equation	20).	
	





to	 the	 HydroC-CO2	 sensor	 inside	 the	 cooling	 box	 on	 deck	 of	 the	 research	 vessel.	 The	
oxygen	 concentration	 of	 the	 surface	 water,	 pumped	 into	 the	 cooling	 box,	 was	
determined	 with	 the	 help	 of	 a	 dynamic	 luminescence	 quenching	 method.	 The	
luminophore	 molecules,	 platinum	 porphyrin	 complexes,	 absorb	 light	 of	 a	 specific	
wavelength	 (505	nm)	 that	 is	 emitted	 from	 a	 blue-green	 light	 LED	 located	 inside	 the	
Optode.	The	photon	absorption	transforms	the	luminophore	from	its	ground	state	into	
















on	 this	 intensity	 as	 well.	 This	 is	 the	 reason	 for	 mainly	 looking	 at	 the	 lifetime	 of	 the	
luminophores	for	calculating	the	oxygen	concentration.[27]	
The	 platinum	 porphyrin	 complexes	 are	 located	 in	 an	 indicator	 layer,	 which	 is	 only	














Oxygen	 of	 discrete	 samples	 was	 measured	 with	 the	 help	 of	 the	 automatic	 Winkler	
potentiometric	 method	 as	 described	 by	 Langdon	 (2010).[28]	 Briefly,	 manganese(II)-


















The	CO2	sensor	measured	almost	during	 the	entire	cruise.	Some	 technical	 issues	were	






data	 points	 were	 collected	 every	 ten	 seconds	 and	 during	 the	 flush	 even	 every	 five	





Apart	 from	 other	 parameters,	 the	 sensor	 delivers	 a	 raw	 (Sraw)	 and	 a	 reference	 signal	
(Sref)	of	 the	dual-beam	NDIR	measuring	cell	 for	all	measured	data	points.	Dividing	 the	
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This	 calculation	was	done	once	 for	 all	 data	points	 and	once	 just	 for	 the	points	during	
each	 zero	 run	 (see	 equation	 22).	 At	 every	 zero	 run	 the	 first	 30	 seconds	 (three	 data	






	 	 	 	 	 22	
	
	 22	




	 𝑆!" 𝑡 =
!!!"#$(!)
!!!"#$,!(!)
 	 	 	 	 	 23	
	
To	 receive	 a	 zero	 value	 for	 each	 point	 in	 time,	 the	 zeros	measured	 (see	 equation	 22)	








at	each	point	 in	 time.	The	blue	 line	 shows	a	 linear	 interpolation	 through	all	 zero	data	points,	 the	green	





As	 evident	 from	 figure	 12,	 the	 linear	 interpolation	 through	 all	 zero	 values	 delivered	
inferior	results	with	errors	of	up	to	±	0.002	zero	values.	This	 is	due	to	the	zero	values	
first	decreasing	significantly	and	then	increasing	slowly	again.		
The	 split	 runtime	 interpolation	 showed	 better	 results	 due	 to	 interpolating	 first	 the	
decreasing	 part	 linearly	 and	 then	 the	 slowly	 increasing	 part.	 For	 the	 second	 part	 this	
method	delivered	good	results	 (±	0.0001	zero	values)	but	 for	 the	 first	decreasing	part	




The	 last	 interpolation	 method	 showed	 only	 minor	 errors	 because	 interpolation	 was	
performed	from	each	zero	to	the	next;	however	every	zero	itself	had	an	error	resulting	
















𝑘! 𝑡 = 𝑘!,!"# +
!!!"#$,! !!"#$% !!!!"#$,! !
!!!"#!,! !!"#$% !!!!"#$,! !!"#$
∗ (𝑘!,!"#$ − 𝑘!,!"#)	 	 25	
	
These	calibration	coefficients	for	each	point	in	time	(k1(t),	k2(t),	k3(t))	were	then	used	to	
calculate	 the	 mole	 fraction	 of	 carbon	 dioxide	 in	 wet	 air	 (see	 equation	 26).	 The	 gas	
temperature	 (Tgas)	 and	 cell	 pressure	 (pNDIR)	were	 obtained	 from	 the	 data	 set	 and	 the	
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referenced	 gas	 temperature	 (T0	=	 273.15	K)	 and	 pressure	 (p0	=	1013.25	mbar)	
represented	standard	values.[30]	
	
𝑥!"!,!"# 𝑡 = 𝑘! 𝑡 𝑆!!"#





Thereafter,	 the	 partial	 pressure	 of	 CO2	 was	 calculated	 with	 the	 help	 of	 the	 pressure	
measured	 in	 the	 pressure	 sensor	 located	 behind	 the	 membrane	 (pin)	
(see	equation	27).[30]	
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	 	 	 	 	 28	
	
To	 obtain	 the	 partial	 pressure	 (pCO2),	 the	 mole	 fraction	 is	 multiplied	 by	 the	 total	
pressure	minus	the	water	vapor	pressure	(see	equation	29).[15]	
	
	 𝑝𝐶𝑂! = 𝑥𝐶𝑂! ∗ (𝑃 − 𝑝𝐻!𝑂)		 	 	 29	
	
The	 fugacity	 (fCO2)	 corresponds	 to	 the	 product	 of	 the	 partial	 pressure	 and	 an	
exponential	function,	which	contains	the	first	viral	coefficient	for	CO2	(B)	and	the	cross	





	 	 	 	 𝑓𝐶𝑂! = 𝑝𝐶𝑂! ∗ exp (𝑃 ∗ (
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))	 	 	 	 30	
𝐵 = −1636.75+ 12.0408 ∗ 𝑇 − 3.27947𝑒!! ∗ 𝑇! + 3.16528𝑒!! ∗ 𝑇!	 31	








on	 the	 respective	 changes.[32]	 In	 the	 data	 set	 obtained	 during	 the	 cruise,	 seven	
adjustments	were	introduced.	They	are	described	here	and	in	the	following	paragraphs.	
(1)	One	particular	pCO2	value	was	flagged	and	not	considered.	It	showed	an	extremely	
high	 value	 of	 1065.91	 µatm,	 compared	 to	 the	 usual	 300	 to	 450	 µatm	 measured,	
indicating	 that	 some	 technical	 problem	 must	 have	 occurred.	 (2)	 Some	 changes	 were	
made	and	data	flagged	after	carefully	inspecting	the	DShip-data,	which	were	provided	by	
the	 research	 vessel	 and	 included	 parameters	 like	 intake	 temperature	 of	 the	 surface	
water,	 ship	 speed,	 etc.	 Around	 the	 9th	 and	 10th	 of	 March	 this	 temperature	 showed	
unrealistic	 values	 of	 99.9990	 °C.	 Therefore	 data	 points	 obtained	 on	 these	 days	 were	
removed	from	the	data	set.	(3)	Sudden	increases	or	decreases	in	the	DShip-temperature	










Figure	 13:	 Relationship	 between	 the	 temperature	 of	 the	Optode	 and	 the	measured	DShip-temperature.	
Green	data	points	show	the	final	dataset	used,	blue	dots	mark	the	flagged	data	characterized	by	a	sudden	









the	measured	DShip-intake-temperature.	This	was	done	due	 to	 the	 fact	 that	 the	water	
taken	 in	 from	the	surface	of	 the	Mediterranean	had	 to	be	pumped	towards	 the	sensor	
and	the	time	for	this	process	had	to	be	considered.	The	pCO2	measured	inside	the	sensor	
of	 course	 has	 to	 be	 connected	 to	 the	 temperature	 of	 the	water	 at	 the	 position	 of	 the	
intake.	 To	 calculate	 the	 exact	 offset	 between	 intake	 and	 sensor,	 the	 measured	
temperature	at	the	intake	(DShip-temperature)	and	the	temperature	of	the	Optode	were	






Figure	 14:	 Diagram	 showing	 the	 offset	 of	 the	 Optode-temperature.	 A	 shift	 of	 3.5	minutes	 back	 in	 time	
enabled	a	fit	with	the	DShip-temperature.	The	red	data	points	display	the	measured	DShip-temperature	at	
the	 intake,	 the	blue	values	show	the	Optode-temperature	and	 the	green	data	points	 the	shifted	Optode-
temperature.	 One	 part	 (around	 the	 12th	 March)	 was	 zoomed	 in	 to	 show	 the	 shift	 of	 the	 Optode-
temperature.	
	
A	 remaining	 temperature	 offset	 of	 approximately	 1	 °C	 between	 the	 Optode	 and	 the	
DShip	measurements	was	then	included	in	the	calculation	of	the	final	pCO2	values	(see	
equation	33).[22]	This	temperature	difference	probably	results	from	the	water	warming	
up	 while	 being	 pumped	 from	 the	 surface	 towards	 the	 sensor.	 This	 change	 had	 to	 be	
considered	 because	 the	 solubility	 of	 CO2	 is	 strongly	 temperature-dependent	 and	 the	
pCO2	at	the	intake	(pCO2	(TDShip))	is	the	relevant	value.		
	







DIC,	 TA	 and	 pH	 values	 from	 these	 discrete	 samples	 were	 used	 to	 convert	 the	
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corresponding	 pCO2	 value.	 This	 was	 done	 using	 the	 software	 program	 CO2SYS	 (van	
Heuven	et	al.,	2011)	with	the	dissociation	constants	for	carbonic	acid	(K1	and	K2)	from	
Luecker	 et	 al.	 (2000)	 and	 the	 HSO4-	 dissociation	 constant	 (KSO4)	 from	 Dickson	
(1990).[33,34,35]	 Errors	 arising	 from	 the	 calculation	were	 determined	with	 the	 software	
program	 errors	 by	 (Orr	 et	 al.,	 2018)	 and	 also	 taken	 into	 account.[36]	 These	 corrected	








For	 the	pCO2	data	measured	 in	 the	 sensor	 a	mean	of	10	minutes	before	 and	after	 the	
sampling	was	calculated	and	the	standard	deviation	was	taken	into	account	as	well.	The	






stopped	 at	 a	 given	 longitude	 and	 latitude,	 the	 sensor	 showed	 variations	 in	 the	 pCO2	
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measurements	within	a	 range	of	10-15	µatm.	Most	 likely,	 this	was	due	 to	 the	 fact	 that	







Figure	16:	Display	of	 the	 zonal	 section	plotting	pCO2	 vs.	 longitude	 and	 showing	 the	 flagged	data	points	
where	the	ship	had	a	speed	of	<2kn.	
	






	Figure	17:	Display	of	 the	 final	 flagging	 (by	hand)	of	 data	points	 showing	 sudden	higher	or	 lower	pCO2	
values.	The	blue	dots	show	the	final	dataset	and	the	red	dots	mark	flagged	data	points.	
	



















































To	 verify	 the	 oxygen	 data	measured	with	 the	 Optode,	 some	 discrete	 surface	 samples	
were	 taken	 at	 specific	 times	 during	 the	 cruise	 and	 the	 oxygen	 concentrations	 were	
measured	manually	and	compared	 to	 the	mean	of	 the	Optode	values	 from	10	minutes	
before	 and	 after	 these	 specific	 times.	 The	 results	 showed	 that	 oxygen	 concentrations	











measurements	 from	 10	minutes	 before	 and	 after	 the	 specific	 times	 of	 the	 discrete	measurements.	 The	
bottom	 subplot	 displays	 the	 difference	 between	 the	 discrete	 and	 the	 sensor	 data	 points	 and	 gives	 the	
calculated	mean.			
	
This	difference	of	36.651	µmol/kg	was	 therefore	added	 to	all	data	measured	with	 the	










The	 data	 for	 atmospheric	 CO2	 concentrations	 were	 taken	 from	 the	 atmospheric	





Figure	 21:	Measured	 xCO2	 values	 at	 the	 station	 located	 on	 Lampedusa	 from	 2007	 till	 2019.	 The	 linear	
regression	reveals	the	mean	increase	of	xCO2	over	the	years	(≈	2.2	ppm).	
	

































Along	 the	 Ionian	 section,	 pCO2	 data	 were	 recorded	 almost	 continuously	 between	 a	
latitude	of	35	°N	and	40	°N.	Measurements	were	carried	out	twice,	on	the	way	north	and	
the	way	south	(see	figure	23).	













indicating	 that	 the	 sensor	worked	 reliably	 (measurements	were	 carried	out	within	10	
days	 and	 no	 big	 variations	 of	 pCO2	 are	 expected	 to	 occur	 during	 this	 short	 period	 of	
time).		




𝑝𝐶𝑂! 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 	
	 	 𝑚𝑒𝑎𝑛 𝑝𝐶𝑂! ∗ 𝑒𝑥𝑝(0.0423 ∗ (𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑆𝑆𝑇 −𝑚𝑒𝑎𝑛 𝑆𝑆𝑇))	 	 35	
𝑝𝐶𝑂! 𝑛𝑜𝑛 − 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 = 	
	 	 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑝𝐶𝑂! ∗ 𝑒𝑥𝑝(0.0423 ∗ (𝑚𝑒𝑎𝑛 𝑆𝑆𝑇 − 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑆𝑆𝑇))	 36	
	
A	 general	 temperature	 influence	 (pCO2	 (temperature))	 is	 calculated	 by	 using	 a	mean	
value	 of	 the	 pCO2	 over	 the	 entire	 section	 (mean	 pCO2)	 and	 the	 actual	 sea	 surface	
temperature	measured	at	each	data	point	(observed	SST),	whereas	the	non-temperature	
effect	 (pCO2	 (non-temperature))	 considers	 a	 mean	 sea	 surface	 temperature	 over	 the	
	 38	
entire	section	(mean	SST)	and	the	pCO2	measured	at	each	data	point	(measured	pCO2).	
pCO2	 (temperature)	 thus	 specifies	 pCO2	 values	 that	would	 have	 been	 obtained	 if	 only	
thermodynamic	 effects	 of	 temperature	 would	 have	 had	 an	 influence.	 pCO2	 (non-
temperature),	on	the	other	hand,	depicts	the	pCO2	values	that	would	have	been	obtained	
if	 temperature	 had	 no	 influence	 at	 all.	 In	 the	 latter	 case,	 only	 factors	 like	 currents,	
upwelling	water	masses,	 primary	 production	 or	 consumption	 and	 others	 would	 have	
affected	the	pCO2.		
A	 comparison	of	 the	 calculated	pCO2	 (temperature)	 and	pCO2	 (non-temperature)	data	
with	 the	measured	 pCO2	 values	 along	 the	 Ionian	 section	 is	 depicted	 in	 figure	 24.	 The	
green	line	shows	the	pCO2	if	only	temperature	would	affect	its	value	during	this	specific	
section	 and	 the	 red	 line	 if	 temperature	would	 have	 no	 influence	 at	 all.	 Variations	 are	
highest	 in	 the	Strait	of	Otranto,	where	both	effects	appear	 to	have	an	 influence	on	 the	
measured	 pCO2.	 However,	 as	 the	measured	 data	were	 closer	 to	 those	 calculated	with	
temperature	 influence	 it	 appears	 that	 temperature	 effects	were	 dominant	 in	 affecting	
the	 pCO2	 at	 this	 point.	 Non-temperature	 effects,	 such	 as	 biological	 production	 or	
consumption	 of	 CO2,	 lateral	 and	 vertical	 mixing,	 salinity	 differences	 and	 pressure	
changes,	 appeared	 to	 only	 have	 a	 smaller	 effect.	 Thus,	 the	 sudden	 decrease	 of	










the	 latitude	 in	 the	 Ionian	section.	The	blue	data	show	the	measured	pCO2	values,	 the	green	data	are	 the	












































The	 recordings	 covered	 a	 longitudinal	 path	 from	 the	 east	 of	 Crete	 at	 a	 longitude	 of	











and	 26	°E,	 as	 compared	 to	 the	 Western	 Mediterranean	 basin	 (365	 µatm)	 located	 at	





the	 primary	 production	 in	 the	Western	Mediterranean	 Sea	 (WMS)	 is	 2.5	 to	 3.3	 times	





surface	 water	 during	 the	 cruise,	 a	 net	 influx	 of	 CO2	 from	 the	 atmosphere	 could	 be	
expected	 over	 almost	 the	 entire	 Mediterranean	 Sea.	 This	 contrasts	 measurements	
carried	 out	 in	 October/November	 of	 2001,	 when	 a	 flux	 of	 CO2	 from	 the	 Sea	 to	 the	
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atmosphere	 had	 been	 considered.[41]	 The	 pCO2	 values	 in	 this	 earlier	 study	 were	
calculated	 from	 DIC	 and	 TA	 measurements	 and	 revealed	 values	 of	 around	 400	µatm	
inside	the	Med	with	the	atmosphere	containing	approximately	375	ppm.	The	net	uptake	
of	CO2	from	the	atmosphere	resulting	in	high	surface	water	pCO2	was	discussed	to	have	






seawater	 (measurements	 during	 MSM	 72)	 and	 the	 other	 an	 oversaturation	 with	 CO2	
(measurements	from	2001).[40,41]		
Influx	 and	 efflux	 of	 CO2	 in	 the	 Med	 were	 also	 compared	 by	 inspecting	 the	 general	
differences	 in	 fugacity	 (∆fCO2)	 during	 a	 year.	 This	 revealed	 that	 during	 the	 winter	
months	(November	till	Mai)	a	net	CO2	influx	from	the	atmosphere	is	expected,	whereas	
during	the	summer	months	(May	till	November)	a	net	efflux	of	CO2	to	the	atmosphere	is	
observed	 (see	 figure	 28).	 The	 ∆fCO2	 is	 used	 to	 indicate	 if	 fCO2	 in	 the	 atmosphere	 is	
higher	 or	 lower	 compared	 to	 that	 in	 the	 surface	water	 at	 the	 respective	 time	 of	 year.	
This	 comparison	 will	 not	 consider	 that	 CO2	 in	 the	 atmosphere	 and	 seawater	 has	





in	 the	 atmosphere	 of	 each	 specific	 year	 (taken	 from	 the	 Lampedusa	 data)	 was	
subtracted	from	the	seawater	fCO2	measured	in	the	respective	year.	As	the	SOCAT	data	
only	 contained	 fugacity	 values	 (fCO2),	 the	 atmospheric	 concentration	 of	 CO2	 and	 the	
measured	pCO2	during	cruise	MSM	72	were	transformed	into	fCO2	via	equations	29	and	
30	(see	chapter	2.2.1).	However,	because	 the	differences	between	 the	partial	pressure	





Figure	 28:	Display	 of	 the	 ∆fCO2	 during	 one	 year	 inside	 the	Mediterranean	 Sea.	 Blue	 data	 represent	 the	




Figure	 28	 shows	 that	 the	 data	 measured	 during	 cruise	 MSM	 72	 match	 the	 general	
pattern	of	∆fCO2	in	the	Mediterranean	Sea	during	March,	i.e.	a	general	undersaturation	
during	this	time	of	year.		
While	 pCO2	 values	 in	 surface	waters	 of	 the	 zonal	 section	dropped	 to	 365	µatm	at	 the	
Strait	of	Sicily,	they	increased	within	the	Tyrrhenian	Sea	(375	µatm)	and	further	in	the	
Sardinia	 Channel	 at	 a	 longitude	 of	 8-10	 °E	 (380	 µatm)	 (see	 figure	 27).	 The	 shallow	
Sardinia	Channel,	where	Levantine	 Intermediate	Water	 (LIW)	 is	upwelling	and	mixing	
with	 the	 TDW	 (Tyrrhenian	Deep	Water),	 could	 cause	 these	 higher	 pCO2	 values	 in	 the	
surface	water.	The	Mixed	Layer	Depth	(MLD)	at	the	Sardinia	Channel	was	at	a	depth	of	
approximately	 100	 m	 during	 the	 time	 of	 the	 cruise	 (see	 figure	 29)	 and	 therefore	 a	
mixing	of	AW	with	upwelling	LIW	at	100	m	depth	could	affect	surface	water	values	of	
pCO2.	 The	 MLD	 describes	 the	 depth	 until	 the	 temperature	 of	 the	 surface	 water	 has	
decreased	 by	 more	 than	 0.5	 °C	 or,	 as	 used	 throughout	 this	 thesis,	 until	 the	 oxygen	
concentration	has	decreased	significantly.[43]	In	fact,	the	shallowest	part	of	the	Sardinia	










Figure	29:	Depth	profile	 of	 dissolved	oxygen	 at	 stations	87	 till	 90.	The	 sharp	oxycline	 at	 100	 to	150	m	
depth	denotes	the	MLD.	
	
Upon	 entering	 the	 Western	 Mediterranean	 basin	 west	 of	 the	 Strait	 of	 Sardinia,	 the	
partial	 pressure	 of	 surface	 water	 CO2	 dropped	 suddenly	 and	 then	 stayed	 at	 around	
365	±	7	µatm	(see	figure	27).		
Further	west,	close	to	the	Strait	of	Gibraltar	(-3	°E)	in	the	Alboran	Sea,	the	pCO2	values	













open	 sea	 due	 to	 factors	 such	 as	 freshwater	 input,	 coastal	 upwelling	 and	 biological	
activity.[47]	
The	 high	 variations	 occurring	 close	 to	 the	 Strait	 of	 Gibraltar	 could	 also	 be	 caused	 by	










In	 the	 following,	 the	 zonal	 section	 was	 divided	 into	 four	 different	 parts	 (Eastern	
Mediterranean	 basin,	 Tyrrhenian	 Sea,	 Western	 Mediterranean	 basin	 and	 the	 Alboran	
Sea),	 which	 were	 characterized	 in	 more	 detail.	 A	 first	 comparison	 of	 the	 three	









of	Gibraltar	 in	 the	west	 towards	Crete	as	 the	most	eastern	part.	This	 is	mainly	due	 to	
evaporation	 of	 the	 AW.	 The	 T-S	 plot	 also	 reveals	 that	 the	 average	 temperature	 was	
approx.	 1.5	 °C	 lower	 in	 the	Western	Med	 compared	 to	 the	Eastern,	which	might	 have	
caused	the	slightly	lower	pCO2	values	in	the	Western	Med.	Interestingly,	in	most	of	the	
Tyrrhenian	 Sea,	 the	 salinity	 decreased	 slightly	 and	 the	 temperature	 increased	 as	
compared	 to	 the	 Sardinia	 Channel.	 This	 is	 probably	 due	 to	 different	 upwelling	 and	
mixing	water	masses,	currents	and	Eddies	present	in	this	part	of	the	Mediterranean	Sea.	
Entering	 the	 Eastern	 Med,	 the	 temperature	 stayed	 rather	 constant	 and	 the	 salinity	
increased	until	east	of	Crete,	where	the	temperature	suddenly	rose	by	1	°C.	This	increase	










Figure	 31	 reveals	 a	 more	 detailed	 presentation	 of	 the	 pCO2	 values	 measured	 in	 the	
eastern	basin	of	the	Mediterranean	Sea.	Here	the	cruise	covered	a	section	from	the	east	








variations	 are	 most	 likely	 due	 to	 small	 temperature	 changes	 and	 smaller	 currents	
occurring	along	the	cruise.	As	already	described	in	chapter	3.1	and	also	shown	in	figure	




Figure	32:	Measured	pCO2	values	 in	 the	eastern	basin	plotted	against	 the	 longitude.	The	red	dots	 show	
data	obtained	during	night	measurements	and	the	green	those	obtained	during	day	measurements.			
	
Slightly	higher	pCO2	values	were	measured	 in	 the	northeast	of	Crete	 at	 a	 longitude	of	
26.5	 °E,	 where	 the	 Cretan	 Sea	 borders	 on	 the	 Levantine	 basin.	 Most	 likely,	 these	 are	
caused	by	a	mixing	of	the	Cretan	Surface	Water	(CSW)	with	the	AW.	Further	west,	closer	









green	data	are	 the	calculated	pCO2	values	when	only	a	 temperature	 influence	 is	considered	and	the	red	
show	 pCO2	 values	 calculated	 with	 a	 mean	 temperature	 of	 the	 entire	 section,	 i.e.	 when	 a	 specific	
temperature	influence	is	not	considered.	
	





non-temperature	 effects	 canceled	 out	 one	 another	 and	 an	 almost	 constant	 pCO2	 of	
375	µatm	was	observed.	
What	 could	 be	 the	 reason	 for	 the	 substantial	 non-temperature	 effects	 at	 longitudes	
between	24	°E	and	26.5	°E?	In	the	northeast	of	Crete	at	a	longitude	of	26.5	°E,	where	the	
cruise	started	and	higher	pCO2	was	detected,	the	CSW	might	have	mixed	with	the	AW	as	
described	 above.	 As	 compared	 to	 the	 incoming	 AW,	 the	 CSW	 had	 more	 time	 to	
equilibrate	 with	 the	 atmospheric	 CO2	 resulting	 in	 slightly	 higher	 pCO2	 values.	 In	
contrast,	non-temperature	effects	in	the	south	of	Crete,	between	a	longitude	of	24	°E	and	




likely	 caused	 a	 vertical	 mixing	 of	 water	 masses.	 Possibly	 a	 smaller	 algal	 bloom	
consuming	CO2	also	occurred	shortly	before	or	at	the	time	of	the	cruise	in	the	south	of	
Crete.	Another	possibility	resulting	in	lower	pCO2	values	could	be	that	the	Eddy	carried	







Such	 interpretation	 is	 also	 in	 line	 with	 the	 oxygen	 saturation	 calculated	 from	 the	
measured	 oxygen	 concentrations	 during	 the	 cruise	 revealing	 differences	 from	 oxygen	
being	 in	 equilibrium	with	 the	 atmosphere	 (ΔO2	=	0)	 (see	 figure	35).	At	 a	 longitude	of	










As	 the	 temperature	 (see	 figure	 30)	 and	 pCO2	 (see	 figure	 31)	 remained	 relatively	
constant	within	most	parts	of	the	eastern	basin	but	the	salinity	increased	(see	figure	30),	
salinity	 only	 appeared	 to	 have	 a	 minor	 or	 even	 negligible	 influence	 on	 the	 partial	
pressure	of	CO2.	Moreover,	as	discussed	above	the	 influences	of	 temperature	and	non-
temperature	 effects	 are	 either	 very	minor	 or	 level	 out	 each	 other	 at	 these	 longitudes	
(16-24	°E).	Thus,	 in	 the	open	ocean	of	 this	part	of	 the	Med	the	partial	pressure	of	CO2	















is	 either	 caused	 by	 increasing	 temperatures	 or	 by	 mixing	 water	 masses,	 oxygen	
consumption	 and	 currents	 or	 eddies	 occurring	 in	 this	 area.	 To	 differentiate	 between	







data	are	 the	calculated	pCO2	values	when	only	a	 temperature	 influence	 is	 considered	and	 the	 red	show	





temperature	 influence	 on	 the	 pCO2	measured	 in	 this	 region	 of	 the	Mediterranean	 Sea	
again	 counteracted	 non-temperature	 effects	 but	 was	 less	 effective.	 The	 solely	











The	 increase	 in	 pCO2	 observed	 along	 this	 part	 of	 the	 cruise,	 i.e.	 upon	moving	 further	
north	 into	the	open	sea	 is	unexpected	as	 the	partial	pressure	of	CO2	usually	decreases	
further	away	from	the	coast.	This	could	be	due	to	major	consumption	of	oxygen	and	an	
accompanying	 production	 of	 CO2	 in	 this	 area	 or	 a	 mixing	 of	 deeper	 water	 masses	
occurring	 at	 this	 point.	 Eddies	 present	 at	 this	 latitude	 and	 longitude	 could	 also	



























11	 °E	 and	 12	 °E	 but	 values	 slightly	 increased	 further	west,	 i.e.	 closer	 to	 the	 Strait	 of	
Sardinia.	West	of	a	 longitude	of	10.4	 °E,	 the	pCO2	was	relatively	constant	at	375	µatm	






for	 the	 increased	 pCO2	 values	 in	 this	 zonal	 section	 of	 the	 Tyrrhenian	 Sea.	 As	 the	







the	green	data	are	 the	calculated	pCO2	values	when	only	a	 temperature	 influence	 is	considered	and	 the	
red	 show	 pCO2	 values	 calculated	 with	 a	 mean	 temperature	 of	 the	 entire	 section,	 i.e.	 when	 a	 specific	
temperature	influence	is	not	considered.	
	
The	 oxygen	 saturation	 in	 this	 part	 of	 the	Mediterranean	 Sea	 is	 shown	 in	 figure	 42.	 It	
reveals	 that	 oxygen	was	 or	 had	 been	 consumed	 at	 longitudes	 close	 to	 and	 inside	 the	










The	mixed	 layer	 depth	 in	 the	 Strait	 of	 Sardinia	 was	 at	 100	 to	 150	m	 (see	 figure	 29)	






A	 detailed	 presentation	 of	 the	 pCO2	 values	 in	 the	 zonal	 section	 of	 the	 Western	










longitude	 of	 0	 °E,	 in	 the	 Alboran	 Sea,	 the	 pCO2	 showed	 high	 variations.	 Overall,	 it	
increased	 by	 approximately	 30	 µatm	 but	 variations	 ranged	 between	 of	 360	 and	




with	 CO2-rich	 deep	 water	 masses.	 As	 discussed	 above,	 the	 water	 mass	 (LIW)	 moves	
towards	 the	 Atlantic	 and,	 due	 to	 the	 shallow	 water	 depth	 in	 the	 Strait	 of	 Gibraltar	
upwells	at	these	longitudes.		
Figure	 44	 shows	 the	 influences	 of	 temperature	 and	 non-temperature	 effects	 on	 the	
significant	pCO2	increase	in	the	Alboran	Sea	revealing	a	dominance	of	non-temperature	
effects.	However,	the	influence	is	rather	minor	in	the	central	western	basin	(longitudes	0	






the	 longitude	 in	 the	Western	Mediterranean	 basin.	 The	 blue	 data	 show	 the	measured	 pCO2	values,	 the	
green	data	are	 the	calculated	pCO2	values	when	only	a	 temperature	 influence	 is	considered	and	the	red	
show	 pCO2	 values	 calculated	 with	 a	 mean	 temperature	 of	 the	 entire	 section,	 i.e.	 when	 a	 specific	
temperature	influence	is	not	considered.	
	




inside	 the	 Tyrrhenian	 Sea,	 returns	 towards	 the	 Strait	 of	 Gibraltar	 after	 crossing	 the	
Tyrrhenian	and	Balearic	Seas.	During	this	movement,	pCO2	increases	in	this	water	mass	
most	 likely	 due	 to	 (1)	 general	 air-sea	 gas	 exchange	 as	 the	 water	 is	 mainly	
undersaturated	in	CO2,	(2)	mixing	with	LIW	in	the	Gulf	of	Lyon	and	(3)	travelling	along	




could	 be	 the	 reason	 for	 high	 fluctuations	 observed.[48]	 Finally,	 this	 part	 of	 the	 zonal	
section	is	the	closest	to	land	and	generally	coastal	waters	display	higher	pCO2	values.		
Oxygen	 saturation	 along	 this	 section	 of	 the	 cruise	 is	 displayed	 in	 figure	 45.	 It	 shows	
relatively	low	oxygen	levels	in	the	Alboran	Sea	indicating	that	oxygen	was	or	had	been	
	 62	




Figure	 45:	 Display	 of	 the	 oxygen	 saturation	 calculated	 from	measured	 oxygen	minus	 oxygen	 solubility	
inside	 the	Western	Mediterranean	basin.	Oxygen	saturation	 is	given	 in	µmol/kg	and	plotted	against	 the	
longitude.	
	





Of	all	pCO2	measurements	carried	out	during	cruise	MSM	72	 those	 in	 the	Alboran	Sea	
close	 to	 the	 Strait	 of	 Gibraltar	 showed	 the	 largest	 variations.	 The	 values	 ranged	 from	








As	 discussed	 in	 chapter	 3.3.3,	 temperature	 and	 non-temperature	 dependent	 effects	
could	 have	 caused	 the	 high	 pCO2	 values	 and	 variations.	 To	 distinguish	 between	 these	
possibilities,	 the	 two	 parameters	were	 again	 considered	 separately.	 Figure	 47	 reveals	






the	 longitude	 in	 the	Alboran	Sea.	The	blue	data	 show	 the	measured	pCO2	values,	 the	green	data	are	 the	




As	 discussed	 before,	 these	 could	 be	 attributed	 to	 the	 upwelling	 of	 LIW	 at	 these	
longitudes	as	the	water	depth	decreases.	Moreover,	influences	from	the	coastal	regions	
have	 to	 be	 considered	 as	 the	 cruise	 sailed	 relative	 close	 to	 the	 African	 and	 European	
















high	 pCO2	 values	 measured	 during	 the	 cruise	 indicate	 that	 the	 surface	 CO2-elevating	
effects	mentioned	above	dominated	or	that	the	bloom	had	not	occurred	until	the	end	of	

















During	 this	 cruise,	 the	pCO2	values	 recorded	 inside	almost	 the	entire	Med	were	 lower	
than	 the	 atmospheric	 levels	 and	 not	 in	 equilibrium.	 As	 shown	 in	 figure	 28,	 this	 is	
common	for	 the	 time	of	year	when	the	cruise	 took	place.	The	general	undersaturation	
could	be	due	to	the	fact	that	more	CO2	is	biologically	fixed	by	photosynthetic	organisms	
at	 this	 time	 of	 year	 and/or	 transported	 quickly	 into	 the	 deep	 ocean	 as	 postulated	 in	
Miquel	 et	 al.	 (2011).	This	 fast	 fixation	and	 transport	 to	 the	deep	 sea	 (increasing	 sink)	
results	 in	 decreased	 pCO2	 levels	 at	 the	 surface,	 when	 the	 air-sea	 gas	 exchange	 is	 not	
sufficient	 for	 compensation.[45]	 Also,	 the	 inflowing	 water	 from	 the	 Eastern	 Atlantic	






the	 Mediterranean	 Sea	 (Med)	 a	 general	 undersaturation	 of	 the	 surface	 water	 in	
comparison	 to	 the	 CO2	 concentration	 in	 the	 atmosphere.	 When	 compared	 to	 data	
recorded	in	previous	years	(see	figure	28),	undersaturation	is	a	common	phenomenon	
for	 the	 time	 of	 year	 in	which	 the	 data	were	monitored	 during	MSM	 72	 (March).	 The	
opposite,	 a	pCO2	oversaturation,	had	been	 reported	 for	 the	Med	 surface	waters	 in	 the	
summer	 months	 indicating	 that	 parameters	 affecting	 the	 pCO2	 levels	 (air-sea	 gas	
exchange,	 currents,	winds,	 organic	 CO2	 production	 vs.	 consumption	 and	 others)	 differ	
between	the	seasons.	The	general	overview	of	the	zonal	section	(see	figure	27)	showed	
that	 pCO2	 remains	 relatively	 constant	 in	 the	 main	 basins,	 the	 Eastern	 and	 Western	
Mediterranean	basin,	and	that	slightly	lower	pCO2	values	prevail	in	the	central	Western	
as	compared	to	 the	central	Eastern	Med.	Several	parameters	could	contribute	 to	 these	
relatively	 subtle	 differences,	 for	 example	 differences	 in	 the	 air-sea	 gas	 exchange,	
differences	 in	 temperature	 and/or	 different	 rates	 in	 organic	 CO2	 production	 vs.	






A	 more	 detailed	 analysis	 showed	 that	 temperature	 and	 non-temperature	 influences	
affect	 the	pCO2	differently	 in	different	parts	of	 the	Med.	Prominent	examples	were	the	
Otranto	 Strait,	 where	 a	 temperature	 decrease	 appeared	 to	 have	 caused	 the	 pCO2	
reduction	at	a	 latitude	of	40	°N	(see	 figure	24),	and	the	Sardinia	Channel	and	Strait	of	
Gibraltar,	where	predominantly	non-temperature	effects	led	to	an	increase	in	pCO2	(see	
figures	 41&44).	 Such	 non-temperature	 influences	 are	 most	 likely	 vertical	 mixing	 of	
upwelling	deep	or	intermediate	water	masses,	for	example	the	LIW,	which	carry	higher	
concentrations	of	CO2.	Currents	or	eddies	present	close	to	the	Straits	during	the	time	of	
the	 cruise	 could	 also	 contribute	 to	 vertical	 upwelling	 and	 support	 a	 more	 significant	






























whether	 such	 variations	 are	 a	 specific	 feature	 of	 shallow	waters	with	 relatively	 large	
currents.	 For	 example,	 it	 could	 be	 analyzed	 whether	 these	 variations	 are	 observed	
throughout	the	year	or	only	at	specific	times	when	the	MLD	is	rather	large	(100-200	m)	




pCO2	variations.	Furthermore,	 to	visualize	how	pCO2	 in	the	Med	changes	 in	 the	 future,	
cruises	recording	pCO2	should	cross	 the	Med	along	 the	same	sections	and	at	 the	same	
time	of	year	(March)	 in	 five	or	 ten	years	and	thus	reveal	data	 that	could	be	compared	
directly.		
pCO2	recordings	of	surface	seawater,	not	only	inside	the	Mediterranean	Sea	but	also	in	
other	 oceans	 with	 much	 larger	 water	 masses,	 will	 be	 of	 importance	 in	 the	 future	 to	
visualize	 the	 impact	 of	 rising	 atmospheric	 pCO2	 on	 the	 ocean.	 It	 can	 be	 expected	 that	
surface	water	pCO2	will	continue	to	 increase	 in	 the	 following	years	but	 to	what	extent	
does	 this	 happen	 and	 what	 differences	 might	 exist	 between	 different	 oceans?	
Furthermore,	 by	 relating	 the	 pCO2	 data	 to	 ocean	 currents,	 eddies	 and	 the	 respective	
MLD,	it	should	be	possible	to	assess	whether	upwelling	water	masses	generally	lead	to	a	
further	increase	of	pCO2	at	the	surface.	And,	very	important	for	organisms	living	in	the	
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